Activation and Conversion of Small Molecules on Co(0001) and Preparation, Characterization of TiOx/Ni(111) Model Catalyst by 王丹丹
  
 
学校编码：10384                                     分类号   密级     








硕  士  学  位  论  文 
Co(0001)表面上小分子的活化转化及 TiOx/Ni (111)模
型催化剂的制备和表征 
Activation and Conversion of Small Molecules on Co(0001) 




指导教师姓名：万 惠 霖 教 授   
              陈 明 树 教 授 
专  业 名 称：物  理  化  学 
论文提交日期：2016年     月 
论文答辩时间：2016年     月 
学位授予日期：2016年     月 
 
答辩委员会主席：             
评    阅    人：             





















另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的




























（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 







                             声明人（签名）： 
















摘 要 ............................................................................................................ I 
Abstract ..................................................................................................... II 
第一章 绪论 .............................................................................................. I 
1.1 引言 .................................................................................................. 1 
1.2 论文的构思和目的 ............................................................................. 4 
1.3 论文的组成与概要 ............................................................................. 5 
参考文献 ................................................................................................. 5 
第二章 实验部分 ...................................................................................... 8 
2.1实验仪器简介 .................................................................................................. 8 
2.2表面分析技术的基本理论 .............................................................................. 9 
2.2.1俄歇电子能谱(AES) .............................................................................. 9 
2.2.2低能电子衍射(LEED) .......................................................................... 12 
2.2.3高分辨电子能量损失谱(HREELS) ..................................................... 13 
2.3实验方法 ........................................................................................................ 13 
2.3.1 样品清洁.............................................................................................. 13 
2.3.2 氧化物模型的制备及表征.................................................................. 14 
参考文献 .............................................................................................................. 14 
第三章 Co(0001)表面小分子的活化转化 ............................................ 16 
3.1 研究进展 ....................................................................................................... 16 
3.1.1钴基催化剂 CO加氢机理 ................................................................... 17 
3.1.2不同晶面的对比研究........................................................................... 18 
3.1.3负载型钴基催化剂的研究................................................................... 20 
3.2 实验部分 ....................................................................................................... 21 
3.2.1 Co(0001)的清洁 ................................................................................... 21 















3.3.1  Co(0001)-O相互作用 ....................................................................... 22 
3.3.2  Co(0001)-CO相互作用 .................................................................... 26 
3.3.3  CO-O在 Co(0001)表面的相互作用 ................................................ 28 
3.3.4  CO-H2在 Co(0001)表面共吸附及相互作用 ................................... 31 
3.4本章小结 ........................................................................................................ 33 
参考文献 .............................................................................................................. 34 
第四章 TiOx/Ni(111)模型催化剂的制备和表征 .................................... 38 
4.1 研究进展 ....................................................................................................... 38 
4.1.1 TiOx/Pt(111) .......................................................................................... 38 
4.1.2 TiOx/Ru(0001) ....................................................................................... 40 
4.1.3  TiOx/Mo ............................................................................................. 40 
4.1.3.1 TiOx/Mo(100) .............................................................................. 40 
4.1.3.2 TiOx/Mo(110) .............................................................................. 40 
4.1.3.3 TiOx/Mo(112) .............................................................................. 41 
4.2 样品制备 ....................................................................................................... 41 
4.2.1 Ni(111)单晶的清洁和氧化 .................................................................. 41 
4.2.2 TiOx膜的制备 ...................................................................................... 41 
4.3 实验结果和讨论 ........................................................................................... 42 
4.3.1 Ni(111)表面的氧化 .............................................................................. 42 
4.3.2 TiOx/Ni (111)模型催化剂的制备及表征 ............................................. 44 
4.3.2.1 温度对 TiOx膜生长的影响 ...................................................... 44 
4.3.2.2 TiOx膜生长的表征 ..................................................................... 44 
4.3.2.3 氧分压对 TiOx膜生长的影响 ................................................... 51 
4.4本章小结 ........................................................................................................ 54 
参考文献 .............................................................................................................. 54 
第五章 结论 ............................................................................................ 57 
硕士期间发表论文目录 .......................................................................... 58 













Table of Contents 
 III 
Contents 
Chinese Abstract ....................................................................................... I 
English Abstract ....................................................................................... II 
Chapter 1 Introduction ............................................................................. I 
1.1 Introduction ..................................................................................................... 1 
1.2 Conceptions and design .................................................................................. 4 
1.3 Outline of this thesis........................................................................................ 5 
References .............................................................................................................. 5 
 Chapter 2 Experiment ............................................................................ 8 
2.1 Introduction of experimental intruments ..................................................... 8 
2.2 Theories for surface analytic technologies .................................................... 9 
2.2.1 Auger electron spectroscopy (AES) ........................................................ 9 
2.2.2 Low energy electron diffraction (LEED) .............................................. 12 
2.2.3 High-resolution electron energy loss spectroscopy(HREELS) ............. 13 
2.3 Experimental methods .................................................................................. 13 
2.3.1 Cleanness of sample .............................................................................. 13 
2.3.2 Preparation and characterization of the oxide thin film ........................ 14  
 References .......................................................................................................... 14 
 Chapter 3 Activation and conversion of small Molecules on Co(0001)
........................................................................................... 16 
3.1 Research progress ......................................................................................... 16 
3.1.1 Mechanism for CO hydrogenation on Co-based cataylysts .................. 17                                   
3.1.2 Comparsion of different crystal faces ................................................... 18 
3.1.3 Research for supported Co-based cataylysts......................................... 20 
3.2 Experiment .................................................................................................... 21  
3.2.1 Cleaness of Co(0001) ............................................................................ 21 













Table of Contents 
 IV 
3.3.1  Interaction of O2 with Co(0001) ........................................................ 22 
3.3.2  Interaction of CO with Co(0001) ....................................................... 26 
3.3.3  Interaction of CO with O2 on Co(0001) ............................................. 28 
3.3.4  Coadsorption and interaction of CO with H2 on Co(0001)................ 31 
3.4 Conclutions .................................................................................................... 33 
References ............................................................................................................ 34 
Chapter 4 Preparations and characterization of TiOx/Ni(111) ........... 38 
4.1 Research progress ......................................................................................... 38 
4.1.1 TiOx/Pt(111) .......................................................................................... 38 
4.1.2 TiOx/Ru(0001) ....................................................................................... 40 
4.1.3  TiOx/Mo ............................................................................................. 40 
4.1.3.1 TiOx/Mo(100) .............................................................................. 40 
4.1.3.2 TiOx/Mo(110) .............................................................................. 40 
4.1.3.3 TiOx/Mo(112) .............................................................................. 41 
4.2 Preparations of sample ................................................................................. 41 
4.2.1 Cleaness of Ni(111) ............................................................................... 41 
4.2.2 Preparations of TiOx .............................................................................. 41 
4.3 Results and discussion .................................................................................. 42 
4.3.1 Oxidation of Ni(111) ............................................................................. 42 
4.3.2 Preparations and characterization of TiOx/Ni(111) ............................... 44 
4.3.2.1 Effects of tempreture on the growth of TiOx ............................... 44 
4.3.2.2 Characterization of the growth of TiOx ....................................... 44 
4.3.2.3 Effects of oxygen pressure on the growth of TiOx ...................... 51 
4.4 Conclutions .................................................................................................... 54 
 References .......................................................................................................... 54 
Chapter 5 Conclutions ............................................................................ 57 
List of Publication ................................................................................... 58 

























下，表面吸附的 CO 可以被表面吸附氧氧化，而表面 CoOx则需要在较高温度下
才能被 CO还原。 
二、选择氧分压在 1×10-7 Torr，温度 873 K 的条件，在 Ni(111)表面采用后
氧化的方式制备的 TiOx膜。TiOx膜覆盖度θ≤1 ML 时，表面 NiO 和 TiOx共存，
HREELS 出现位于 70、82.3、122 meV的能量损失峰，至一个单层时完全覆盖满



















Most heterogeneous catalysts are composed of three parts: active components, 
supports and/or promoters. Catalytic activities and selectivities are affected by their 
interactions. Since a detailed investigation of catalytic processes is often hampered by 
complex structures of industrial catalysts, the real catalyst is not an object for the 
study of catalytic reaction mechanisms. Model catalyst with simple compositions and 
ordered structures could be used to explore the structure-activity relationship at the 
molecular level．The investigation of the adsorption behavior, structure, growth mode, 
the interaction mechanism of small molecules with the model surface, as well as the 
strong metal support interaction effects could be done by surface sensitive tools under 
UHV, such as HREELS、AES、LEED et al. 
The oxygen molecule was found to be dissociated into oxygen atom at room 
tempreture (RT). Two types of oxygen species exist on the surface: chemisorbed 
oxygen and unstable subsurface oxygen species. Co3O4 can also form by increasing 
the tempreture. CO on the Co(0001) surface could be oxidized by the chemisorbed 
oxygen at RT, while the reduction of CoOx by CO requires a higher tempreture and 
CO pressure.  
Ordered TiOx films can be prepared by post-oxidation of Ti in 1×10
-7
 Torr O2 at 
873 K. Three energy loss peaks of 70、82.3、122 meV were observed by HREELS at 
submonolayer coverage. TiOx films can cover the whole surface at a coverage of 1 
ML. At coverage higher than 1 ML, a compact two-domemsional network of Ti-O-Ti 
forms.Further increase the coverage to more than 2 ML, a more compact 
two-domemsional network forms. 
 




































促进了这一研究领域的发展。如 X 射线光电子能谱 (X-ray Photoelectron 
Spectroscopy, XPS)、XANES（X-ray absorption near edge structure, X 射线吸收近
边结构、扫描隧道显微镜(Scanning Tunneling Microscopy, STM)、俄歇电子能谱
(Auger electron spectroscopy, AES)、低能电子衍射(Low Energy Electron Diffraction, 
LEED)、原 子 力 显 微 镜(Atomic Force Microscopy, AFM)、高分辨电子能量
损失谱(High Resolution Electron Energy Loss Spectroscopy, HREELS)、次级离子质































息。Ertl 教授等[3]通过对氨合成和 CO 氧化的机理进行了深入的研究，建立了模
型催化体系，为从分子原子水平深入理解反应机理做出突出贡献，并因此获 2007
年诺贝尔化学奖。Somorjai 等[4]对 Fe 的不同晶面进行了活性表征，发现对于氨
合成反应，Fe(111)面的活性最好，进一步验证了合成氨是结构敏感的反应。                     
CO氧化是常用的探针反应，主要由于该反应涉及分子数目少，比较适合研究反
应机理以及催化剂活性中心等。Goodman 等[5]于 1998 年发现，在钛氧化物薄膜
上，蒸着尺寸在 1-6 nm 范围内的 Au纳米粒子，对于 CO的催化氧化有非常好的
活性。通过 STM 对 Au/TiO2这一体系的形貌进行表征发现，具有 2 个原子层厚
度的 Au 簇的催化活性优于单层及多层结构的 Au 纳米粒子活性。作者认为 Au
团簇的催化活性是由量子尺寸效应引起的。而陈等[6]进一步通过一种独特的方式
准备了 Mo(112)-(8×2)-TiOx 模型氧化物薄膜(在 Mo(112)-c(2×2)-SiO4 表面氧化物



















图 1.1 CO氧化的活性图及 Mo(112)-(8×2)-TiOx和Mo(112)-(1×1)-(TiOx, Au)、
Mo(112)-(1×3)-(TiOx, Au)的 LEED衍射图和结构模型 
Fig 1.1 Activity for CO oxidation and LEED patterns and structural models, top and 
side views for(A) the Mo(112)-(8×2)-TiOx; (B) the Mo(112)-(1×1)-(TiOx, Au); and (C) 
the Mo(112)-(1×3)-(TiOx, Au) 
 



























图 1.2 Ni/CeOx体系还原疏散图示 
Fig 1.2 Schematic evolution of the Ni/ceria system submitted to 
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